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Irradiation environment 

in the proposed Materials Test Station 

E. Pitcher, LANSCE-DO 

FRESH FUEL (OUT OF CORE) 

FRESH FUEL 

   (ON STARTUP) 

10 MWD/MT 

  (IN CORE) 

 10 MWD/MT 

(OUT OF CORE) 

100 MWD/MT 

   (IN CORE) 

1 GWD/MT (IN CORE) 

~500 °C (outer clad surface) 

~700 °C (pellet surface) 

~2000 °C  

(pellet center) 

Pellet cracking caused by large

 thermal stresses in ceramic fuel 

Central void formation from high  

fuel centerline temperature 

Phase changes / recrystallization 

Changes in stoichiometry  

(oxygen/metal ratio) 

Thermal-gradient-induced actinide

 and fission product transport 

Fuel-clad interactions 

• mechanical 

• chemical 

Radiation-induced aging of cladding 

fuel module 

target module 

beam mask 

beam stop 

Los Alamos Neutron Science Center “Area A” Experimental Hall at LANSCE MTS Target Assembly 

shield wall 

target 

assembly 

raster magnets 

beamline 

shield 

service 

cell 

The MTS will be built in an existing experimental hall at the 

Los Alamos Neutron Science Center (LANSCE). It will be 

unique among nuclear fuel irradiation facilities in that the 

source of neutrons used to irradiate samples is nuclear 

spallation rather than fission. The facility is driven by a high-

power proton beam, which produces neutrons through 

nuclear interactions with tungsten nuclei. About 16 neutrons 

are produced for every proton incident on the tungsten 

target. A 1-MW proton beam can generate a fast neutron 

flux that approaches the flux produced by the world’s most 

powerful research fast reactors. Once built, the MTS will be 

the only fast spectrum irradiation facility operating outside 

the Asian continent. 

• As in a fast reactor, the 

lack of thermal neutrons 

in MTS yields a uniform 

fission rate throughout 

the fuel pellet 

• Shielded irradiations in 

a thermal reactor exhibit 

a small “rim effect” 

yielding 
– A non-prototypic fuel 

centerline temperature 

(lower by at least 60°C) 

– Non-prototypic 

temperature gradient, 

affecting fission product 

transport and 

stoichiometry 

• Rim effect worsens as 

thermal shield burns up H.J. MacLean & S.L. Hayes, “Irradiation Testing for AFCI,” July 21, 2009. 

Radial Dependence of the Fission Rate in an Oxide Fuel Pin 

thermal reactor without 

Cd shroud around fuel 

thermal reactor with 

Cd shroud around fuel 

MTS or fast reactor 
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Evolution of oxide fuel in a fast reactor:  

Behavior that MTS will replicate 
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At a beam power of 1 MW, the range of 

displacement and He production rates in iron 

accessible in the MTS irradiation regions is shown 
in the figure at right. Each pixel plotted represents 

a 40-mm3 volume element in either the fuel (green 

pixels) or material (orange pixels) irradiation 

regions. A broad range of He-to-dpa ratios are 

available, from 5 to 33 appm/dpa, which will allow 
scientists to measure materials properties as a 

function of this important parameter. Shown below 

are the neutron spectra and damage production 

functions W(T)  for the MTS and the Helium-

Cooled Lithium Lead (HCLL) blanket of the 
proposed DEMO reactor. Good agreement of 

W(T) is seen for the two facilities for T < 50 keV. 

For DEMO, nearly all displacements are caused 

by PKA’s with energies less than 1 MeV. For the 

MTS, PKA’s with T > 1 MeV (0.4% of all PKA’s) 
are responsible for nearly 10% of all atomic 

displacements. 

Fusion Materials Irradiation Conditions 

MTS does not produce a “rim effect,” as do 

shielded irradiations in a thermal reactor 
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Lead-Bismuth Eutectic Coolant Research 

Using LANL’s Delta Loop 

To accommodate the high heat 

flux and high operating 

temperature of the nuclear test 
fuel, the MTS uses lead-bismuth 

eutectic (LBE) to cool the fuel 

and the spallation target. LANL 

has extensive experience with 

LBE, having constructed the 
Delta Loop in 2000 and operated 

it until 2008. During Preliminary 

Design, the MTS project plans to 

conduct a number of 

experiments on the loop to 
confirm design elements, such 

as a fast-response heat 

exchanger, corrosion tests,  and 

pressure drops in loop 

components. 

Delta 

Loop 

A number of next-generation fast-spectrum nuclear reactors that use lead-

alloy coolant have been proposed. The Delta Loop can be used to conduct 

supporting research on lead alloy coolant performance, addressing such 
questions as: 

• Erosion tests at >2 m/s fluid velocity as a f(T,O2) 

• Long-term (>12,000 h) corrosion as a f(alloy,T,O2) 

• Liquid metal embrittlement studies 

• Thermal hydraulic tests (flow rate, pressure drop) of 

specific SMR geometries 

• Instrumentation development and testing (oxygen 

concentration, flow rate, velocity profiles, corrosion rate) 

• Techniques for oxygen control in SMR application 

• LBE purification and conditioning 



• Isotopes produced with 100 MeV, 250 μA proton beam at 

 Isotope Production Facility 

• 95% of beam time devoted to production  of 82Sr and 68Ge 

• 82Sr (T1/2 = 22.5 days) is source of 82Rb (T1/2=75 sec) used in positron emission 

tomography (PET) for myocardial perfusion imaging 

• LANSCE produces enough for 20,000 cardiac studies per month 

• 68Ge (T1/2=270.8 days) is used for PET scan calibration 

• LANSCE produces >50% of worlds supply 

• Radioisotopes produced by irradiation of natRb and natGa followed by 

radiochemical separation 

• Other isotopes produced include 22Na and 88Y 

LANSCE: Nuclear physics and material science 

J. Ullmann, LANSCE-NS 

•The Los Alamos Neutron Science Center (LANSCE)  

has an active program in basic and applied nuclear 

physics 

• Some research directly related to materials 

properties – “single-event” effects in electronics 

•Research on nuclear reactions that produce 

hydrogen and helium that can lead to embrittlement 

of metals 

•Production of radioisotopes for the national and 

international user communities. 

Accelerated Testing Of Electronics Gas Production in Structural Elements 

S.A. Wender (LANSCE-NS) Principal Investigator R.C. Haight (LANSCE-NS) Principal Investigator 

• LANSCE/WNR neutron flux similar 

in energy dependence to atmos-

pheric cosmic-ray induced neutron 

flux, but 107 times more intense  

• Failures in electronic components 

due to nuclear reactions caused by 

cosmic-ray neutrons  

• Neutrons produced from cascades 

caused by high-energy cosmic rays 

interacting in the atmosphere 

• Major electronic component manufacturers and users, including 

aircraft and computer manufacturers, test components at 

LANSCE to certify failure rate.  

• 80% of the LANL “Q-machine” computer failures were found to 

be due to neutron-induced effects by testing a module at 

LANSCE.  IEEE Trans. Dev. Mat. Reliab. 5, 2005). 

• Failures traced to cache memory that was not error corrected. 

•  Gas production (He and H) by neutrons on structural and other 

materials (Fe,  Cr, Ni, Zr, Ta, W, etc) is important for understanding 

radiation effects. 

• High-temperature helium embrittlement  could be a one factor that 

limits lifetime of components in (possible) fusion power reactors. 

• Fission-power rector lifetime extension may also require careful 

evaluation of neutron-induced embrittlement.  

• New measurements of neutron-induced helium production cross 

sections made at LANSCE/WNR  differ considerably from the 

ENDF/B-VI evaluated values used in Monte Carlo calculations 

using the MCNP program. 

Comparison of new LANSCE/

WNR  data for 58Ni(n,x ) 

compared to previous 

measurements and the 

ENDF/B-VI evaluation. 

Incident cosmic ray 

Particle cascade 

R.C. Haight, American Chemical Society, New 

Orleans LA, April 19, 2008.  (LAUR-08-2160) 

ENDF/B-VI 

New LANSCE Data 

R.C. Haight, and T.S. Hill, 16th Pacific Basin Nuclear 

Conference, Aomori, Japan, Oct 13-18, 2008. 

Comparison of new LANSCE/WNR  data 

for natFe(n,x ) compared to previous 

measurements and several evaluations, 

including the new ENDF/B-VII results. 

RbCl 

Gallium 

  Beam 

F.M. Nortier, Principal Investigator 

Radioisotope Production at LANSCE 

• Rb targets consist of  natRbCl salt 

cast in a “hockey puck” and 

contained in 5 cm, dia Inconel 

containers with 0.3 mm window 

• Ga target is natGa metal in Nb 

capsule 

• Both target assemblies have 

experienced occasional 

premature failures during 

irradiation.  These failures are 

not well understood 

• Programs to develop methods for 

making new radioisotopes 

• Example: 225Ac 

• T1/2 = 10 d followed by 4 alpha 

decays make it powerful tool for 

cancer therapy 

• Highest priority isotope in DOE/

NSAC isotope review 

• Cross sections for production 

from 232Th are not well known – 

disgree with calculations  

• New measurements of 225Ac 

production from 232Th have been 

made at LANSCE/WNR at 800 

MeV  via spallation, at 200 MeV 

using stacked foils, and at 100 

MeV at the IPF. 

IPF Target Assembly 

Recent LANSCE/IPF measurements of 
225Ac production from 232Th compared to 

previous data and calculations using 
various models.  Black circles used the 200 

MeV beam, red triangle used 100 MeV 

beam at IPF.  





Atomistic modeling and experimental studies of the 

shock response of Cu/Nb nanolayered composites 

T.C. Germann, T-1; R.F. Zhang, T-3; J. Wang, X.-Y. Liu, MST-8; S.N. Luo, 

P-25; W.Z. Han, P-24; I.J. Beyerlein, T-3; A. Misra, MPA-CINT  

Abstract 
Classical molecular dynamics (MD) simulations and laser and gas gun experiments are used to study the shock response 

of Cu-Nb nanolayered composites. Previous work has demonstrated the unusual radiation tolerance and mechanical 

strength of such materials due to the ability of Cu/Nb heterointerfaces to absorb both point defects (thus catalyzing Frenkel 

pair recombination) and line defects (by delocalizing them at the easily sheared interfaces), respectively. Initial laser 

experiments and MD simulations indicate that shock-induced defects in Cu/Nb nanolaminates are largely recovered upon 

unloading due to the confinement of plasticity (slip or twinning) within the layers, and the ability of interfaces to absorb 

dislocations. Here we describe the development of an embedded atom method (EAM) interatomic potential which provides 

an accurate description of deformation twinning in bcc Nb under compression, slip in fcc Cu, and the interface structure of 

Cu-Nb interfaces with the Kurdjumov-Sachs (KS) orientation relationship. Using this potential, MD simulations provide 

insight into the role of atomic Cu-Nb interface structures on the nucleation, transmission, absorption, and storage of 

dislocations during shock loading. The key role which interface structure plays is demonstrated by post-mortem 

transmission electron microscopy (TEM) of shock-recovered samples, which indicate that deformation twinning in Cu is 

preferentially nucleated from Cu(112)//Nb(112) interface habit planes; corresponding MD simulations are underway. 

[1] X. Zhang, E. G. Fu, A. Misra, and M. J. Demkowicz, “Interface-enabled Defect Reduction in He Ion Irradiated 

Metallic Multilayers,” JOM 62, 75 (2010). 

[2] W. Z. Han, A. Misra, N. A. Mara, T. C. Germann, J. K. Baldwin and S. N. Luo, “Role of interfaces in shock-

induced plasticity in Cu/Nb nanolaminates,” submitted to Phil. Mag. 

[3] T. C. Germann, “Large-scale classical molecular dynamics simulations of shock-induced plasticity in BCC 

niobium,” in Shock Compression of Condensed Matter – 2009, M. L. Elert, W. T. Buttler, M. D. Furnish, W. W. 

Anderson, and W. G. Proud, WG, eds. (AIP Conference Proceedings Vol. 1195, Melville, NY), pp. 761-764. 

[4] R. F. Zhang, J. Wang, I. J. Beyerlein, and T. C. Germann, “Twinning in BCC metals under shock loading: a 

challenge to empirical potentials,” submitted to Phys. Rev. Lett. 

[5] X.-Y. Liu et al, to be published. 

Dislocation nucleation and transmission at Cu/Nb interfaces in a shocked Cu/Nb nanolaminate 

(Cu 5nm / Nb 5nm, Kurdjumov-Sachs interface structure, up = 650m/s, T0 = 300 K, SPaSM code) 
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Motivation 
Previous work at LANL has demonstrated that nanoscale 

metallic multilayers synthesized via physical vapor 

deposition exhibit remarkable properties: 

•Radiation tolerance due to ability of interfaces to absorb

 point defects and catalyze Frenkel pair recombination [1] 

•Ultrahigh strength under quasistatic mechanical loading,

 e.g. nanopillar compression 

These properties may lead to unique behavior under

 dynamic loading, if interfaces can absorb line defects

 (dislocations) produced by shocks. 

No damage evident in 

5 nm Cu / 5 nm Nb 

nanolaminate after 

 ~6 GPa laser shock 

Drive beam 

creates plasma 

Cu/Nb Interatomic Potential Development 
Many existing potentials for bcc metals such as Nb exhibit artificial structural phase transformations under high 

pressure, and are thus unsuitable for shock compression studies [3].  

We have shown that the origin can be traced to artificial minima in the high-pressure -surfaces [4]. 

A new Cu/Nb interatomic potential has been constructed that accurately describes both Cu/Nb interface structure

 and the high-pressure response of the Cu and Nb constituents [5].   

{112}<111> -surfaces for several Nb interatomic potentials 

and from density functional theory (DFT) at zero pressure 

(left) and 50 GPa hydrostatic pressure (right). 

Dislocation Emission, Transmission, and Absorption by Interfaces 
Molecular dynamics simulations of shocked Cu/Nb nanolayers with Cu(111)/Nb(110) KS interface structure reveal 

details of the (slip and twinning) dislocation emission, transmission, and absorption at interfaces. As seen below, 

the interface pattern controls the dislocation emission, and preferred slip system evolve along directions with high 

linear density of misfit dislocation intersections. Dislocations transmit first from a Cu {111} slip plane onto a Nb {110} 

plane, and subsequently into the neighboring Cu {111} plane. Crystal orientation is the key factor to control the 

dislocation transmission, transmission process try to locate at the neighbor slip planes with the smallest angle.  

Deformation 

twinning under 

shock loading 

with F.EAM 

potential 

Shock 

direction 

Ongoing and Future Work 
We are examining the effect of interface structure using both simulation and experiment, 

focusing on other interface structures such as Cu(112)//Nb(112) that are produced by severe 

plastic deformation techniques such as accumulative roll bonding (ARB). 
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Experimental Methods 
Shock experiments with both laser and gas gun drivers are being used: 

• Laser experiments allow thin (10-100 μm) samples, 107-109/s strain rates 

• Gas gun experiments (107-109/s) can utilize either sandwiched foils or

 bulk nanolayer samples synthesized by other techniques 

Post mortem analysis of shock-recovered samples via high resolution

 transmission electron microscopy provides detailed information on the

 final deformation structures (e.g. slip, twinning, phase transformations),

 but no information on when deformation took place (e.g. during shock

 compression or unloading), nor on any transient intermediate states. 

High-resolution TEM showing deformation 

twins near a shocked interface in a  

30 nm Cu / 30 nm Nb nanolaminate. 

Experimental Results 
In contrast to the abundant dislocation activity seen in pure Cu or Nb single 

crystals at identical conditions, Cu/Nb nanolaminates respond differently: 

• Little if any damage seen in very thin layers (e.g. 5nm) 

• Deformation twinning in Cu layers of thicker samples (e.g. 30 nm), with

 preferential nucleation from Cu(112)//Nb(112) interface habit planes  

Direct drive laser shock setup  



Irradiation damage effects in ceramic oxides induced  

by high temperature and high fluence ion beam irradiation 
I. Usov, D. Devlin, MST-7; J. Won, M. Hawley, MST-8; A. Suvorova, Univ. of Western Australia; 

Y. Wang, K. Sickafus, MST-8 

Introduction 

Radiation tolerant ceramic oxides are considered to be attractive for various nuclear energy 

applications (for both fission and fusion type reactors).  An important criterion for selection of 

suitable materials is their tolerance to a combination of irradiation-induced damage and 

elevated temperature.  A major cause of radiation damage in nuclear reactor components is 

the stopping of fast neutrons, fission fragments, high-energy alpha particles and recoil nuclei 

formed following alpha decay.  To simulate a nuclear reactor radiation environment, we have 

employed ion beam irradiation. A common feature of the ion irradiation is that ions can 

penetrate only to a particular depth; therefore, the nature of ion irradiation-induced defects 

substantially depends on the surface proximity. In this poster, we present an experimental 

study of ion irradiation-induced damage effects in various ceramic oxides.  Particular 

attention is given to the high dose and high temperature effects on modification of both near 

surface and bulk properties. 

This work is motivated by our goal to understand the mechanisms responsible for irradiation-

induced defects, including nucleation, growth and recovery. Our ultimate objective is to 

discover ceramic oxides resistant to irradiation. 

This work is supported by (i) the US Department of Energy (DOE), Office of Basic Energy 

Sciences (OBES), Division of Materials Sciences; (ii) a Laboratory Directed Research and 

Development (LDRD DR) grant and (iii) a US DOE Advanced Fuel Cycle Campaign and Fuel 

Cycle R&D Program.  Ion irradiation and Rutherford backscattering (RBS) analyses were 

performed in the Ion Beam Materials Laboratory (IBML) at LANL. Transmission electron 

microscopy (TEM) was performed in the Electron Microscopy Laboratory (EML) at LANL, as 

well as the Center for Microscopy Characterization and Microanalysis at the University of 

Western Australia. 

Experimental details: Ion Beam Materials Laboratory (IBML) 

A medium energy ion irradiation setup has been installed on the 15o beam line on the 3.2 MV 

NEC Tandem accelerator in the IBML.  A typical ion beam used for the radiation damage 

studies is 10 MeV Au3+ or 2 MeV Si+. The ion irradiation can be performed over a wide 

temperature range from 90 to 1400 K. The standard irradiation area, which provides enough 

material for various characterization techniques, is 12 x 12 mm2. A low energy ion irradiation 

was performed by 200 keV Varian ion implanter.  

For more details see  

I.O. Usov et al. Nucl. Instr. Meth. B 267 (2009) 1918 

I.O. Usov et al. Nucl. Instr. Meth. B (2011), in press 

3.2 MV NEC Tandem accelerator 
Irradiation chamber 

Experimental results 

Ion Fluence Effect 

Damage accumulation fraction ( max) versus Ar+ ion fluence for magnesium, max) versus Ar+ ion fluence for magnesium, 

oxide (MgO) and yttria-stabilized zirconia (YSZ) single crystals with surfaces 

oriented along three major low-index crystallographic directions. Damage 

evolution with increasing ion fluence proceeded via several characteristic 

stages and the total damage exhibited a strong dependence on 

crystallographic orientation. 

I.O. Usov et al. Nucl. Instr. Meth. B 268 (2010) 622 

Atomic force microscopy (AFM) micrographs (5μm x 5μm field-of-view) 

images obtained from three low-index YSZ single crystal surfaces irradiated 

with150 keV Ar+ (1x1017 cm-2, equivalent to 100 displacements per atom or 

dpa). Note aligned cracks in elongated blisters on the (100) and (110) 

surfaces and pealing of material off the hillocks on the (111) surface. 

M.E. Hawley et al. 2010 MRS Proceedings, in press. 

(111) (100) (110) 

Cross-sectional TEM images obtained from three low-index YSZ single crystals 

irradiated with 150 keV Ar+ (1x1017 cm-2, equivalent to 100 dpa). The 

microstructure in the near surface region consists of flat, Ar-filled cavities. The 

cavities dimensions depend on the surface orientation and correlate with the 

fractional damage determined by RBS measurements: larger cavities are 

observed in (111) YSZ, versus smaller ones in (100) and (110) YSZ.  

(111) (100) (110) 

Irradiation Temperature  Effect 

Cross-sectional TEM micrograph 

obtained from an as-deposited, 

penta-layer structure, HfO2/MgO/

HfO2/MgO/HfO2, on an (0001) 

sapphire substrate. This multi-

layer structure was designed to 

mimic a CERCER (ceramic-

ceramic) composite fuel form. 

The MgO is intended 

HRTEM images obtained from the MgO/HfO2 interface region before 

irradiation (a) and after irradiation with 10 MeV Au ions to a fluence of 

5x1015 Au/cm2 (equivalent to 13 dpa in HfO2 and 7 dpa in MgO) at various 

temperatures: 90 K (b), 300 K (c) and 800 K (d). The following sequential 

microstructural changes are observed at the interface: crystalline (as-

deposited)  amorphous (90 K)  amorphous and crystalline mixture (300 

K)  crystalline (800 K). To our knowledge, bulk MgO and HfO2 do not 

amorphize when they are irradiated individually. On the other hand, in a 

composite structure, amorphization seems to be possible.  

a b c d 

a 

HRTEM images obtained from the HfO2/sapphire substrate interface region 

before irradiation (a) and after irradiation with 10 MeV Au ions to a fluence 

of 5x1015 Au/cm2 (equivalent to 18 dpa in HfO2 and 10 dpa in sapphire) at 

various temperatures: 90 K (b), 300 K (c) and 800 K (d). Microstructural 

evolution at the sapphire interface region differs substantially from the 

irradiation-induced changes observed in the MgO and HfO2 interfacial 

regions (shown above).  Surprisingly, we find exceptional amorphization 

resistance at low temperature, then a tendency towards amorphization with 

increasing temperature: crystalline (as-deposited)  crystalline (90 K)  

amorphous and crystalline mixture (300 K)  amorphous (800 K). 

to represent a non-fissile component, while the HfO2 is a surrogate for a 

fissile phase.  The goal of this study was to investigate features of radiation 

damage evolution in a wide irradiation temperature range, spanning from 90 

to 800 K. The location of the MgO/HfO2 and HfO2/sapphire interfaces to be 

discussed further discussed below, are labeled with arrows. 

b c d 





Influence of interstitials or vacancies  

on grain boundary sliding processes  

in bcc tungsten 
V. Borovikov, D. Perez, X. Tang, T-1; X.-M. Bai, B.P. Uberuaga, MST-8; A.F. Voter, T-1 

Abstract 
Atomistic computer simulations were performed to study the influence of radiation-induced damage on grain boundary (GB) sliding process in bcc tungsten (W). For a number

 of GBs, we found the surprising result that introducing interstitials or vacancies into GB can reduce the average sliding-friction force under shear by more than an order of

 magnitude. Moreover, because these GBs typically shear in a well-known “coupled” way, we speculate that this may provide W with a built-in "self-healing” capability under

 irradiation conditions, as follows. A collision cascade produces vacancies and highly mobile interstitials; the diffusing interstitials find, and are trapped at, a nearby GB. The

 interstitial-loaded GB is now so easy to shear that internal stresses in the crystal may start it moving, and the coupled motion causes it to sweep past the cascade center,

 sweeping up the vacancies as it goes. We have also observed that as the number of interstitials in the GB is varied, the direction of the coupled motion sometimes reverses,

 causing the GB to sweep in the opposite direction under the same applied shear stress. 

Coupled motion  

Initial  

GB position 

Healed crystal Final  

GB position 

Cascade 

GB Interstitials 

Vacancies 

Possible “self-healing” mechanism 

Model, Results & Discussion 
restricted region  

thermostated  

region (T=1000 K)  
frozen region  

V = 0.2 m/s  
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Sintering of mixed-oxide fuel pellets  

J. Mitchell, M. Chavez, MST-16; S. Willson, MET-1; K. McClellan, MST-8 

We are measuring the thermophysical 

properties of mixed-oxide (MOX) and minor 

actinide-bearing MOX (MAMOX) fuel pellets 

in support of the Fuel Cycle Research & 

Development Program (FCR&D). To better 

understand these properties and how they 

are impacted by processing, we have been 

studying the sintering behavior of pellets as a 

function of temperature and atmosphere. We 

show here results for in situ sintering in a 

dilatometer and dimensional changes 

measured following interrupted sintering. 

dilatometer samples 

•powders SPEX milled for 15 minutes 

•milled powders pressed into 1.3 g 

pellets in 0.235” die @ 120 MPa for 

10 seconds 

•polyethylene glycol binder burned out 

at 450 °C for 4 hours (Ar atmosphere) 

interrupted sintering also includes 

•measure pellet dimensions 

•heat at 20 °C/min to 400 °C 

•heat at 5 °C/min to temperature of 

interest (600, 800, 1200, 1400 °C) 

•remove and measure pellet 

dimensions  

Ar glovebox (~0.5 % O2) in TA-55, PF-4 
•frequent unexpected SiC furnace element failures (3 in 18 
months) 

•two thermocouple failures 

•manufacturer redesigned Rh furnace for future high-

temperature work 

furnace environment 
•evacuate with house vacuum (7x10-2 mbar) and backfill with 

UHP Ar three times 

•dynamic atmosphere with 30 ml/min UHP Ar (~5 ppm O2) or 
Ar-6% H2 

temperature profile 
•heat: 30 °C to 1500 °C, 5 °C/min 

•isothermal: 5 min 

•cool: 2 °C/min to 30 °C 

80/20 MOX 

Sintering in Ar slightly 

increases kinetics.  

Sintering curves similar to 

results of Kutty et al. 

(2000) 

Theoretical densities start 

at ~45% and finish at 

~80%. 

High number of furnace 

failures make systematic 

comparison difficult. 

Interrupted sintering 

measurements  suggest 

onset at earlier 

temperature than 

dilatometry. 

Differences in additional 

ramp rate to 400 °C may 

be cause of comparatively 

early sintering onset. 

Pellets start off 

hyperstoichiometric and 

finish at or slightly 

hypostoichiometric.  

Sintering in Ar results in 

more rapid O/M 

Heat Capacity 

• dilatometry

 measurements
 in PF-4 

• Fuel performance and

 safety basis 

• Sintering kinetics studies

 help relate feedstock,

 processing, properties,
 and performance. 

• DSC studies in

 PF-4 

Density F l f d

Thermal Conductivity Thermal Diffusivity 

• MOX and

 MAMOX at INL 

Overview 

O/M Changes During Sintering 

Interrupted Sintering 

Dilatometry Results 

Dilatometry 

Pellet Fabrication 





Process modeling of plutonium and uranium casting 

D.A. Korzekwa, MST-6; J.W. Gibbs, Northwestern U.; D.R. Korzekwa, F.J. Freibert, MST-16; 

Telluride Project Team, ASC 

Truchas 
The Truchas code is being developed at LANL to provide a simulation capability for 

material  processing operations such as casting. Truchas development has been 
funded by the Advanced Simulation and Computing (ASC) program and a variety of 

nuclear weapons and nuclear energy programs. The features in Truchas are generally 

tailored for vacuum induction casting of reactive metals such as uranium and 

plutonium. Primary features include: 

•Ability to run large scale 3D simulations on parallel platforms. 
•Fluid flow with free surface flow (finite volume) 
•Heat transfer with phase change (mimetic finite element formulation) 
•Species diffusion (mimetic finite element formulation) 
•Small strain solid mechanics (finite volume/finite element method) 
•Induction heating (Electromagnetic joule heat)  
•Radiative heat transfer with view factors (view factors calculated using the Sandia 

NL code Chaparral) 
•Scalable parallel implementation (MPI) 
•Written primarily in Fortran 90 (some C, python) for Linux or other unix-like platforms 

Casting alpha plutonium rods 

The objective is to produce high quality unalloyed alpha plutonium in sizes 

that will allow the fabrication of bulk mechanical test specimens. This is a very 

challenging task because of the very large density changes that accompany 

the allotropic phase changes in Pu.  The primary issue is the 9% volume 

change that occurs at ~120°C during the    transition. 

• The large volume changes tend to produce cracks 

or porosity in the casting 
• Numerical simulations with Truchas were used to 

develop a mold preheating schedule and optimum 

molten metal temperature 
• The strategy was to solidify and cool quickly to the 

 phase and then cool slowly through the    

transition while keeping the transformation front 

relatively narrow. 

Simulation of the induction heating of an initial design based on previous rod 

molds did not allow the funnel temperature to be hot enough without heating 

the mold to a much higher temperature than desired. 

Induction heating 

power in the 
original design 

Temperatures 

in the original 
design 

A new design concentrates the induction power in the funnel and separates 

the funnel from the mold.  Simulation of this design showed that the funnel 

could be kept hot and the mold temperature could be varied by a two step 

heating cycle. 

Simulations indicated that it was best to run the induction coil with a 

relatively small current (250A) until the mold was near the desired 

temperature then increasing the current to 1000A to rapidly heat the funnel. 

 Solidification and phase transformation of the Pu was modeled assuming 

different mold temperatures to find conditions for directional solidification 

and a narrow solidification front. 

Increasing mold temperature, increasing solidification 

front width, increasing solidification time 

The material produced by this process has fewer defects and a density 

closer to that expected for pure alpha Pu than other recent attempts.. The 

predicted thermal histories of the mold match experimental measurements, 

and work to improve this process is in progress.  

Pu rods from  

the first casting 

Desired result 

Induction power and temperatures for the new design 

Simulation of metal fuel casting 

Truchas is also being used to simulate a casting process being developed at Idaho 

National Laboratory for fabrication of metallic nuclear fuels rods.  A small bench 

scale caster (BSC) is being used to evaluate design concepts for casting a 

uranium-plutonium-zirconium alloy that is a candidate for an advanced metal fuel.   
•Three rods 250 mm long by 4.3 mm in diameter 
•Induction heated graphite mold and crucible 
•Argon atmosphere with optional evacuation of the mold 

Comparison of model with 

experimental temperatures 

38  

Snapshot of half symmetry 

flow simulation 

D.A. Korzekwa, “Truchas – a multi-physics tool for casting simulation”, International 

Journal of Cast Metals Research, 22, pp. 187-191 (2009) 

Telluride project web site: www.telluride.lanl.gov 

Photo courtesy of Randall Fielding, INL. 
60 degree mold 

segment in the 
model 

Induction heating power density 
Temperature 

Fluid flow, heat transfer and phase change simulations provide 

insight into aspects of the casting process that cannot easily be 

observed.  Several types of casting defects can be predicted by 
modeling the solidification behavior. 

Induction heating of the mold and crucible is modeled including 

radiative heat transfer and conduction.  The details of the furnace 

and mold geometry are captured using a view factor radiation 
capability.  A sensitivity study was conducted to help identify the 

boundary conditions and material properties that have the largest 

effect on the temperature field. 



Processing Co-roll and Cold Roll LEU U-10Mo 

with 800 ppm C content  and inclusion  stringers.  

One complete fuel foil obtained per casting coupon – 

best in program.  3% variation in thickness (U-235 

conc) based on radiography 

Baseline Process   
•Down Blend HEU to LEU by melting and 

add Mo. Cast.  

•Make Zr coated LEU U-10Mo foil (fuel meat) 

by co-rolling.  

•   0.007  to 0.030 in. thick,    
•   22 - 48 in. long 

•   0.001 in. thick Zr diffusion barrier 

•  Make fuel plate by diffusion bonding foil 

using Hot Isostatic Pressing (HIP).   

•  Form plate to required curvature with soft 
tooling. 

Highlights  LANL science is contributing to  over 

14 process step in the baseline process, but here 

are some contributions with particularly notable 

impact. 

LEU U-10Mo research reactor  

fuel development and scale up 
D. Dombrowski, R. Aikin, D. Alexander, A. Clarke, K. Clarke, MST-6; T. Claytor, AET-6; J. Crapps,     

 A. Duffield, P. Dunn, R. Edwards, R. Forsyth, D. Hammon, J. Katz, P. Kennedy,  

D. Korzekwa, MST-6; N. Mara, MPA-CINT; B. Mihaila, C. Necker, P. Papin, M. Pena, K. Rau, R. Schulze,   

V. Vargas, R. Weinberg, MST-6 

  The LANL Sigma Complex is the only US 

government or industrial site that has all the 

expertise and existing equipment to make this 

monolithic LEU U-10Mo fuel plate at pilot 
scale.  

Dispersion cross section Monolithic cross section Formed Monolithic cutaway 

Cladding 

Fuel meat 

Goal  Replace current dispersion fuel (HEU Oxide or HEU  

Aluminide with Monolithic U-10Mo Fuel 

•  Up to 8.5 g U-Total/cm3 for LEU dispersion fuel 

•  Approximately 1.7 g U-235/cm3 

•  Up to 16 g U-Total/cm3 in LEU monolithic fuel 

•  Approximately 3 g U-235/cm3 

Mission Statement:  DOE NA-21 executes a 

global mission to convert HEU reactors to 

LEU fuel to reduce the worldwide inventory 

of weapons usable materials. The NA-21 

CONVERT program is developing the supply 

of special high-density LEU  U-10Mo fuel to 

support these research reactor conversions. 

This high visibility, schedule driven project 

will convert U.S. High Performance Research 

Reactors (NBSR, MITR, ATR, MURR, HFIR) to 

LEU fuel; NRC reactors to be done by 2015. 

This project is a collaboration  which 

includes LANL, INL, PNNL, ANL and Y-12.  

•   LANL will perform integrated process 

scale up, develop alternative process steps  

and perform advanced characterization, esp. 

bond strength 

Modeling U-10Mo casting in a book mold to 

minimize Mo segregation Zr Plasma Spraying as alternate process to co-rolling 

Low Pressure Plasma Spraying of Zr onto U-10Mo shows properties 

like Zr foil and bond strength close to U-10Mo yield strength 

Surface Composition  How clean is clean? XPS TOA 

shows effect of different cleaning processes on Zr foil 

Modeling  FEM Modeling of normal stresses and 

Von Mises stresses in program standard HIP can.   

In-Situ Minimum Cladding Thickness Measurements  

by handheld XRF and UT.  This innovation helps achieve 

MinClad requirements. For Al clad thickness greater than 

0.030 in. use portable UT meters, but for clad thinner 

than 0.030 in. simply use portable XRF meter 

Macroscopic Bond Strength Measurements show Al/Al 

bond strength variation in current HIP can design 

Nanomechanic Bond Strength Measurements performed  

directly on foils and plates without process variations or 

adhesives issues 

- 

- 

- 

- 

90°TOA 

45°TOA 

15°TOA 

Binding Energy 

•  Relative intensity (compared 

to Zr peaks) of C increases 

with decreasing takeoff-angle 

(TOA) relative to surface plane, 

indicating presence of top  

hydrocarbon overlayer.  

•   Note also that F peak 

intensity decreases with 

decreasing TOA, indicating that 

F is associated with the Zr 

oxide - likely from HF in LANL 

cleaning process. 

Zr U-10Mo 

interface 

Interface 
10 um 

Diamond Indenter 

Tip 

U-10Mo only 

U/Zr interface 

30 A 

Transferred 

Arc 

40 A 

Transferred 

Arc 

Zr 

U-10Mo 

Zr 

U-10Mo 

Bond 

Line 

N-K 

Mo-L C-K 

O-K Er-L 

U-10Mo 

foil cross 

section  

Zr 

Zr 
Zr 

Zr 

U-10Mo 
U-10Mo 

U-10Mo 

U-M 

Next Step: Modeling of Improved Designs  

Image Analysis shows fuel miniplates do not have 

grain growth across Al/Al bond line. New QC 

method needed for commercial fuel production. 



Residual stresses in aluminum-clad  

uranium-10wt%molybdenum fuel plates 

D. Brown, L. Balogh MST-8; B. Clausen LANSCE-LC; M. Okuniewski, INL 

• Funded by the Reduced Enrichment for 
Research and Test Reactors (RERTR) 
program. 

• Replace HEU with LEU in research 
reactors.  

• Uranium 10wt% molybdenum foil clad 
with aluminum. 

• Residual stresses can cause distortions 
during processing and use. 

• 1.5 mm total 

• 0.25mm thick U10Mo foil 

• Foil was rolled, annealed, then HIP 
bonded 

• CTE U10Mo~10x10-6/°C 

• CTE Al~22x10-6/°C 

• Expect U10Mo to be in compression 

• Diffraction residual stress 
measurements at the Advanced Photon 
Source. 

Residual Stress in Mini Monolithic U10Mo Fuel Plates 

Residual Stress Measurements on 1-ID 

         at Advanced Photon 

Source 

• X-ray energy = 86KeV, =0.144Å. 

• Beam cross section : 0.1mm x 0.1 mm 

• Collection time at each point 0.7-1.5sec. 4 sec to save data and move sample. 

• Ceria standard used for detector calibration 

• Measurements at =0  (beam normal to sample), 45 , and 60 . 

Residual Stress Tensor Mapped Over  of Foil 

Annealing of U10Mo Foil During Bonding Evident in 

Decrease in Peak Width 

• Narrowing of peak during HIP’ing tells us the microstructure has annealed. 

• Bare U10Mo foil  = 60 x1014/mm2 

• Al-Clad U10Mo  = 6x1014/mm2  
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• Aluminum rings are “spotty” due to larger grains 

• Note texture in U10Mo, the (110) is strong along the original rolling direction. 

• Rings are “caked” into 24 1-d diffraction patterns . 

•~ 500,000 total diffraction patterns.  

2-D Detector Aids Measurement of Strain Tensor 

Summary 

• High energy x-rays can be used to characterize microstructure of bulk samples, 
even with high Z. 

 Demonstrated residual stress, dislocation density, and texture 
measurements in Al-clad Uranium 10wt% Molybdenum fuel plates. 

• ~250 MPa compressive residual stress in U10Mo foil. 

 Suggests a yield level tensile stress in Aluminum cladding. 

 Possible sample will distort during subsequent processing steps. 

• Tensile residual stress in normal direction indicates plastic deformation (probably 
in Aluminum) during cooling. 

• Rapid approach of transverse components to zero at edges suggests foil is not 
bonded on lateral edges. 

• Asymmetry of stress field (longitudinal vs. transverse directions) is consistent 
with constraints during HIP’ing. 

• Dislocation density of 60 x 1014/mm2 in as-rolled foil. Reduce by 10x during 
HIP’ing. 

• This data should be used to validate finite element analysis of HIP process.  

1. Brown, D.W., Varma, R., Bourke, M.a.M., Ely, T., Holden, T.M., Spooner, S., 2002. A neutron 
diffraction study of residual stress and plastic strain in welded beryllium rings.; 404-4, 741-746. 
2. Brown, D.W., Holden, T.M., Clausen, B., Prime, M.B., Sisneros, T.A., Swenson, H., Vaja, J., 2011. 
Critical comparison of two independent measurements of residual stress in an electron-beam welded 
uranium cylinder: Neutron diffraction and the contour method Acta Mater. 59, 864-873. 





Radioparagenesis: Robust nuclear waste form design 

and novel material discovery 
B. Dorado, MST-8; C. Jiang, Central South University, China; K. Sickafus, MST-8; B. Scott, MPA-MC;     

M. Nortier, C-IIAC; M. Fassbender, C-IIAC; L. Wolfsberg, C-IIAC; B. Uberuaga, MST-8; C. Stanek, MST-8 

Figure 4: Experimental X-ray diffraction 

pattern obtained after one half-life of 109Cd  
 

Figure 1: Prediction of the dependence of volumetric load decrease on a 

geologic repository on the fraction of of short-lived fission products Cs and Sr, 
and radiotoxic actinides, from R.A. Wigeland, et al. Nuclear Technology 154 

(2006) 95. 
 

Figure 2: Decay chain of Cs-137 to 

Ba-137, with a half-life of 30 years.
 

Figure 3: Formation of heretofore unobserved BaCl due to the decay of Cs-137.
 

Figure 5: The two metastable phases of 

Cd0.5Ag0.5S 

Figure 6: CdS (red) and AgS 

(blue) density of states
 





Photovoltaic applications stand to benefit significantly from the development of 

cheaper, more efficient materials. This requires progress in both chemical and 

physical principles of materials fabrication. In this poster we describe the 

synthesis and optical study of two different classes of nanoparticles: 

 We demonstrate a novel waste free synthesis of copper indium sulfide (CIS) 

nanocrystals (NCs) and study their optical properties to determine the role of 

defects in this material.   

 We also describe the synthesis of spectrally tunable metal-semiconductor 

hybrid structures that are potentially useful for several light harvesting and 

emission applications, and study their optical properties.  

Colloidal nanomaterials for light harvesting applications 

A. Pandey L. Li, B.P. Khanal, H. Tsai, H. Wang, J.M. Pietryga, V.I. Klimov, C-PCS 

Conclusions: 
We developed and studied different examples of nanomaterials with functionalities 

relevant to light harvesting and emission applications. CIS NCs are a promising alternative 

to II-VI and IV-VI materials that suffer from numerous problems including toxicity.  

Metal-semiconductor hybrid superstructures with resonances that span the optical 

spectrum starting from the ultraviolet to the mid-infrared were synthesized and studied as 

part of a separate study. These materials exhibit novel optical properties including 

enhanced interaction with radiation as well as enhanced inter-emitter interactions. These 

novel materials will benefit a broad range of light harvesting and emission applications. 

Acknowledgements: 
This work was performed at the Center for Advanced Solar Photophysics, an EFRC.  

A. P. and B. K. were supported by Los Alamos Director’s Fellowships.  

The absorption spectrum of a 

sample of silica coated gold 

spheres, and the PL spectra of 

two different samples of NCs 

considered in this study are 

shown in panel B. The (dashed) 

solid arrows denote the 

(absorption) scattering maxima 

at the peak position. (C) The 

behavior of the two sets of NCs 

may be understood using the 

analogy of a set of oscillators 

coupled to a resonator. 

Multi-exciton effects were studied in 

these structures by varying the 

excitation fluence at 400 nm, and 

observing photoluminescence (PL) 

decay dynamics as a function of 

power. The faster component in PL 

decay represents the onset of multi-

exciton interactions in a subset of the 

ensemble. For free NCs in solution 

this effect is related to the cross 

sections of individual quantum dots.  

This effect is observed only in superstructures 

containing resonantly coupled NCs and is 

absent in NCs loaded onto silica spheres, as 

well as nonresonantly coupled NCs. Different 

phenomena may be invoked to explain these 

observations including enhanced absorption,  

plasmon mediated lasing “spasing,” enhanced 

nonradiative decay, etc. We argue that none of 

the above effects can account for the observed 

phenomena on basis of the saturation behavior 

of  this material system.  

These results are 

indicative of strong inter-

exciton interactions in 

these systems, that do 

not significantly effect 

final quantum yields. 

Enhanced exciton-exciton interactions 

The coupling of NCs to an 

AuNR has a very significant 

effect on the two photon cross 

sections with the values 

measured at 800nm being 

greatly enhanced relative to 

the already large value of the 

original bare NCs. In 

testament to the importance 

of fine-tuning, this 

enhancement increases from 

5- to 30-fold as the AuNR 

plasmon is tuned over the 

excitation wavelength, 

reaching as high as 4 x 105 

GM, by far the highest values 

ever reported. 

Plasmon enhanced 

nonlinearities 

We synthesize CIS nanocrystals using a relatively waste free approach using the anion precursor, 

dodecanethiol (DDT) as a solvent, precursor and surfactant. The resultant crystals have an excellent 

size dispersion and photoluminescence (PL) quantum yields (QY) upto 10%. 

The resultant nanocrystals exhibit size tunable PL and 

absorption. Size control is achieved by increasing reaction 

times (indicated by the numbers in the right panel). 

Spectrally integrated PL decay for CIS NCs is biexponential with constants 7 ns and 

190 ns that dominate emission decay on the blue and the red sides of the PL band, 

respectively (Panel a and inset). (b) Based on a double exponential analysis, the PL 

spectrum can be decomposed into a fast (open blue circles) and a slow (solid red 

squares) component centered at 670 and 700 nm, respectively. (c) Overcoating the 

core with a CdS layer eliminates the fast decay channel and results in spectrally 

uniform single-exponential decay with a 500 ns time constant. The overcoated materials 

exhibit quantum yields approaching 90% (d) Overcoating with ZnS also greatly reduces 

the contribution from the fast decay channel. 

The Transient Absorption spectrum ( is the pump-

induced change in the absorption coefficient ) of a 

typical CIS/CdS sample shows a bleach feature which is 

interpreted to arise from the filling of  adoubly 

degenerate level. The two recombination pathways 

observed in CIS NCs involve an electron in the 

quantized conduction band state (CB) and a hole 

trapped at either a surface defect (D1, blue) or an 

internal defect (D2, red). In CIS core/shells, D1 is 

suppressed, and overall relaxation becomes dominated 

by the slower D2-based channel.  

CIS based core/shell structures show 

suppressed Auger recombination on a 

nanosecond timescale.  These materials 

could thus have significant applications in 

high performance LEDs and nanocrystal 

based lasers. 

CIS NCs: Synthesis and spectroscopy 

Li, L. et. al J. Am. Chem. Soc. 2011, 133, 1176. 

For resonant superstructures, it is seen that the 

onset of the faster decaying PL component 

occurs at progressively lower fluences that are 

dependent on the number of quantum dots in the 

superstructure (panel B). Pandey et. al., in preparation. 

General synthesis of metal-semiconductor hybrid superstructures 

The silica layer is grown by hydrolysis of 

tetraethyl orthosilicate. Reaction progress is 

monitored by tracking the longitudinal 

plasmon as it shifts toward longer 

wavelengths. The dielectric constant of the 

shell is estimated to be ~2.09. This suggests 

that silica shell is moderately porous, with 

~10-15% of its volume being solvent 

accessible. 

Electrons in metals may be forced into harmonic oscillations by an applied time varying electric field. These oscillations strongly 

interact with and modify optical fields in their vicinity. Metallic nanostructures can thus modify the behavior of proximal emitters and 

absorbers, by enhancing or suppressing coupling to radiation, or even enhancing the coupling between specific emitters 

By using different plasmonic structures, it is possible to span UV to 

Mid-Infrared wavelengths. TEM images of various superstructures: 

(B)-(D) Pentahedral AuNR|SiO2|CdSe/ZnS, Single crystal AuNR|SiO2|

PbS, Platelet|SiO2|CdSe/ZnS, Au/AgNR |SiO2|CdSe/ZnS. 

Khanal et. al., in preparation. 

NCs may be attached to the Au|SiO2 structures 

after amine functionalization. NC excitonic 

position may be tuned by varying either the size 

or the material. We have successfully used core-

shell structures based on CdS, CdSe, CIS, PbS 

and PbSe, enabling the preparation of 

superstructures where the excitonic component 

may be tuned from the UV to the mid-IR. Shown 

here are the spectra of a CdSe based quantum 

dot tethered to a resonant AuNR.  
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J. Pietryaga, et al., J. Am. Chem. Soc. 26, 11752 (2004)
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A comparative study of carrier multiplication yields  

 in PbSe and PbS nanocrystals 
J. Stewart, C-PCS; A. Midgett, NREL, CU; L. Padilha, C-PCS; D. Smith, NREL; J. Pietryga, C-PCS;   

 J. Luther, M. Beard, NREL; A. Nozik, NREL, CU; and V. Klimov, C-PCS 
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Assessment of silicon nanowire architecture 

for PV application 

S. Dayeh, M J. Yoo, D. Perea, MPA-CINT; I. Campbell; MPA-11; 

   S. Picraux, MPA-CINT 

I-Introduction 
•1D semiconductor nanowire arrays have a great potential for 

improved photovoltaic performance and cost reduction over their bulk 

counterparts with sufficiently thin absorption lengths. This is due to (i) 

improved absorption from diffuse light scattering in nanowire arrays, 

(ii) short collection lengths of minority carriers that are radially 

separated and collected normal to the light absorption direction, (iii) 

flexibility of integration on a variety of carrier substrates.  

• The goals of this project are to experimentally determine whether 

silicon nanowire solar cells can achieve performance close to that of 

crystalline silicon cells but with the much lower costs of thin film, 

amorphous Si solar cells. This is being accomplished by: 
• Providing more complete device physics models for assessing radial nanowire solar cells.  

•  Fabrication of metal-catalyst free Si nanowire pillar arrays in a Fab-compatible process followed by 

epitaxial growth of doped shells.  

• Fabrication of nanowire arrays on stainless steel substrates.  
• Experimentally probe Si nanowire solar cell performance, measure their minority carrier lifetimes and 

diffusion lengths, minimize device parasitics such as access and contact resistances, and feedback 

these for improving solar cell design & performance. 

• While there are initial reports on modeling radial nanowire solar cells, intuitive, simple 

and more complete modeling of nanowire solar cell performance is yet to be demonstrated. 

• For example, the first design parameters one cares about in designing nanowire solar 

cells are optimal array geometric figures (such as diameter, length, and pitch) that are then 

coupled to required doping densities and appropriate p- and n-layer thicknesses. We 

perform the first using Finite Difference Time Domain methods and the second through self 

consistent solutions to Poisson-Continuity equations.  

Si substrate (semi-infinite) 

Si NW array on Si Substrate 
   diameter = 0.5 μm, length = 20 μm, spacing = 0.75 μm  

Si NW array on Si Substrate 
    diameter = 2 μm, length = 2 μm, spacing = 3 μm  

FDTD (Lumerical Solutions, Inc.) Characteristic equation for determining depletion region widths 

NA=ND=1018 cm-3 

Example 

Radial separation of carriers 

Module performance and cost provided by  EERE partners David Evans, Paul Schuele, Sharp Labs 

Levelized Cost of Electricity (LCOE) 

Based on NREL-LCOE calculator 

• BOSH deep Inductive Coupled Plasma (ICP) etching is used to etch Si nanowire pillars over 

large areas. 

~ 10 μm Si Pillars 

~ 40 μm Si Carrier 

Close-up SEM of 

etched Si Pillars 

with 500 nm 

diameter.  

Perfection of Si pillar etching over large areas 

Oxidation and stripping 

resulted in very smooth 

nanowire sidewalls! 

Epi-ready pillar surface preparation 

Si epi-shell growth on top-down processed nanowires Possibility of heterostructuring: critical thickness evaluation 

Process flow on stainless steel substrates Exfoliation of thin SS 

VLS growth on 5 mil SS 

First experimental  

measurement of 

critical thickness in 

lattice mis-

matched 

semiconductor 

nanowires and first 

observation of 

defect types that 

arise from such 

mis-match. 

• Modeled absorption and currently developing transport modeling for Si radial nanowire 

solar cells. 

• Established top-down and bottom up processing of Si nanowires on various substrates.  

• Implemented epi-growth of crystalline doped shells on top-down processed nanowires.  

• Determined critical thickness and dislocation loop types in Ge/Si core/shell nanowire 

heterostructures.  

• Electrical/optical characterization on Si radial nanowire solar cells are currently in 

progress. 

II-Modeling, Simulation, & Projected Performance/Cost 

III-Fabrication, Growth and Characterization 

IV-Summary 

We acknowledge funding from LDRD & EERE.  



Controlling electrode morphology to improve fuel cell 

performance and durability 
C. Welch, E.B. Orler, MST-7; R. Hjelm, LANSCE-LC; C. Johnston, Y.S. Kim, B. Choi, MPA-11; 

A. Labouriau, MST-7; N. Mack, C-PCS; M. Hawley, MST-8; K. More, ORNL 

The Problem 
• Fuel cell performance declines as cell is cycled 
• Partly caused by agglomeration of catalyst nanoparticles & 

subsequent loss in electrochemically active surface area 

(ECSA) 

• Partly caused by unknown factors, which may be related to 

electrode morphology 

• DOE has set a target of achieving less than 30 mV loss 

after 30k cycles 
• Extensive efforts have been aimed at developing new 

catalysts 

• Other contributions to the problem have largely been ignored 

Our Approach 
• Hypothesis: Morphology of Nafion dispersions affects 

electrode morphology and thus, cell performance 

• Approach: Characterize Nafion dispersion morphology 

and relate to cell performance and durability 

• Connecting the dots: Relationship between dispersion 

and film morphology 

The Thermodynamics 
• Amphiphilic ionomer has dual solubility parameters 

• Solvent interactions with both parts of ionomer can be 

used to control dispersion morphology 

• Interactions are quantified with the Flory-Huggins 

parameter: 

 19F NMR of Dispersions 
• Gives indication of polymer-solvent interactions through 

mobility measurements   
• Glycerol: Poor solvent for both backbone & side chain 

• Ethylene glycol: Good solvent for side chain; fair for 

backbone 

• NMP: Good solvent for both backbone & side chain 

• Water: Better solvent for side chain than backbone 

• IPA: Better solvent for backbone than side chain 

Gly cathode

Current density (A cm
-2

)

0.0 0.5 1.0 1.5 2.0

iR
t

d
ll

l

0.0

0.2

0.4

0.6

0.8

1.0

H
F

R
 (

 c
m

2
)

0.0

0.1

0.2

Initial

10k

30k

70k

ir
 c

o
rr

ec
te

d
 c

el
l 

v
o

lt
ag

e 

current density (A cm-2) 
0.0          0.5           1.0           1.5         2.0 

H
F

R
(o

h
m

 cm
2) 

0.2 

0.1 

0.0 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

HR-TEM image of  
Nafion®-bonded 

catalyst layer  
μ

Anode Cathode 

1-10 μ

Polymer 

Dispersion  

Pt/C 

Catalyst 

+ 
Catalyst Ink 

Decal Painted  

Electrode 

Polymer Morphology  

in Dispersion 

Electrode  

Morphology 

10
-3

10
-2

10
-1

10
0

10
1

0.01 0.1

d
(Q

)/
d

 (
c
m

-1
)

Q (A
-1

)

Å

Å

SANS data of 2.5 wt% 
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SANS of Dilute Dispersions 
• Investigation of dilute dispersions in range of 

solvents yields insight into how polymer-solvent 

interactions control dispersion morphology 

SANS of Evaporating Dispersions 
• In glycerol, cylindrical particles pack and 

interconnect to form gel at 7 wt% as solvent 

evaporates 

• In water / IPA, IPA evaporates preferentially 

• Lamellar D-spacing decreases & order 

increases 

• Gel that forms at 20 wt% shows strong ultra-

low-Q scattering that suggests lamellar 

ordering at longer length scales, 2 – 3 μm 

Characterization of Electrode Films 
• ECSA behavior as MEA is cycled is similar for 

both glycerol- and water/IPA-derived electrodes 

• TEM analysis of Pt particles shows similar 

agglomeration behavior 

Yet, durability tests show dramatic improvement 

for glycerol-derived electrode 

Summary 
• Our work suggests that electrode morphology 

strongly influences fuel cell durability 

• We can control electrode morphology through 

polymer-solvent interactions at play during 

electrode fabrication 

 Hydrophobic backbone: 

     20 J1/2cm-3/2 

 Hydrophilic side chain: 

     35 J1/2cm-3/2 

Structure of Amphiphilic Nafion 
Solvent uptake vs. solubility parameters of solvent*
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Nanoscale ceramic catalyst support synthesis 

E. Brosha, L. Elbaz, MPA-11; K. Blackmore, A. Burrell, MPA-MC; N. Henson, T-1 

Abstract 
Alternative supports for polymer electrolyte membrane fuel cells were synthesized and catalytic activity 
was explored using electrochemical analysis. High surface area, molybdenum nitride supports were 
synthesized by rapidly heating a gel of polyethyleneimine bound molybdenum in a tube furnace under a 
forming gas atmosphere. Subsequent disposition of platinum through an incipient wetness approach lead 
to dispersed crystallites of platinum on the conductive support. All the ceramic materials were 
characterized with XRD, SEM, TEM and electrochemical analysis. The supports without platinum are 
highly stable to acidic aqueous conditions and show no signs of oxygen reduction reactivity (ORR). 
However, once the 20 wt% platinum is added to the material, ORR activity comparable to XC72 based 
materials is observed. 

Introduction 
Catalyst support durability is currently a technical barrier for commercialization of polymer electrolyte 
membrane (PEM) fuel cells, especially for transportation applications. Degradation and corrosion of the 
conventional carbon supports leads to losses in active catalyst surface area and, consequently, reduced 
performance. As a result, the major aim of this work is to develop potential support materials that target 
the principal shortcomings of present-day Pt/C catalysts by improving Pt-support interaction, yet sustain 
bulk-like catalytic activities with very highly dispersed particles. This latter aspect is key to attaining the 
2015 DOE technical targets for platinum group metal (PGM) loadings (0.20 mg/cm2). To avoid carbon 
degradation altogether, it has been proposed by numerous fuel cell research groups to replace carbon 
supports with conductive materials that are ceramic in nature. Intrinsically, these many conductive oxides, 
carbides, and nitrides possess the prerequisite or at least acceptable electronic conductivity required for 
electrochemical reactions, and offer corrosion resistance in PEMFC environments; however, most reports 
indicate that obtaining sufficient surface area remains a significant barrier to obtaining desirable fuel cell 
performance.  Ceramic materials that exhibit high electrical conductivity and necessary stability under fuel 
cell conditions must also ideally exhibit high surface area as a necessary adjunct to obtaining high Pt 
dispersions and Pt utilization targets.   Our goal in this work is to identify new synthesis approaches 
together with materials candidates that will lead to ceramic supports with high surface areas that are 
capable of serving as a host for high Pt dispersions.  

Project Objectives 
Project Objective: Develop a ceramic alternative to carbon material supports for a polymer 
electrolyte fuel cell cathode. 

Ceramic support must: 
• have enhanced resistance to corrosion and Pt coalescence.  

• preserve positive attributes of carbon such as cost, surface area, and conductivity. 

• be compatible with present MEA architecture & preparation methods. 

Materials properties goals include: 
• high surface area & high Pt utilization 

• enhanced Pt–support interaction 

• adequate electronic conductivity 

• resistance to corrosion 

• synthesis method / procedure amenable to scale-up & reasonable synthesis costs   

Transition metal nitrides: Mo-N, Zr-N 
• Corrosion resistance, high electronic conductivity, catalytic properties 

Sub-stoichiometric titania (TiO2-x) 

Ti4O7 (Magnéli phase) 
• High electronic conductivity, refractory, stable in acid media. 

• Reports of strong metal-support interactions with noble metals. 

• Resistance to oxidation and demonstrated electro-catalytic activity for both hydrogen and oxygen /
 Pt. 

TiO: conductive but not as high as Magnéli phase 

Focus on Select Support Candidate Materials   

Polymer assisted deposition (PAD) nitrides and sub-oxides of titania. 

• PAD precursor routes to produce ceramic materials with high surface area. 

• Powders, bulk catalysts prepared by forming metal organic get followed by
 pyrolysis under controlled atmospheres 

• Molybdenum nitrides:  Ammonium molybdate/polyethylene imine (with EDTA) to
 produce a gel (100°C) followed by 950°C anneal in 4-6%H2 and N2 

Theory/Modeling support to aid experimental effort to provide data on stability of the
 support in absence of Pt particles and nature of Pt-support interactions 

• Surface/cluster models useful to predict effects of particle size reduction,
 conductivity. 

• Study nature of Pt binding sites, interaction energy, etc. 

Experimental Synthesis Methods 

950°C pyrolyzed (1
11

) 

(2
0

0
) 

(2
2

0
) 

(3
11

) 

1st Year Results: A Mo2N Front Runner 
Molybdenum Nitride Synthesis : 
• Mo2N cubic phase. 

• XRD: average crystallites ca. 1 – 2nm. 

o 700 – 950°C pyrolysis T with 950°C optimum 

BET: 250 – 300m2/g typical surface areas 

Electronic conductivity (resistance) 
• 2-pt measurement, powder measured by compacted powder in ” dia. fixture with uni-axial applied

 force. 

• Mo2N (950°C): 3.3   

• Vulcan XC-72R measured in same fixture: 1.8  

ORNL TEM Analysis 
• < 2nm particle sizes with agglomerates of nano-particles, ~0.2 m to over 2 m 

• Highly crystalline structure consistent with cubic Mo2N and nicely faceted 

We wish to thank Nancy Garland and the U.S. DOE Hydrogen Program for providing 
funding for this work.  
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Platinum strongly bound to defective surface 

A structural model of 
-Mo2N 

Aims for FY11 : 

• Focus on dominant -Mo2N identified from characterization of samples 

• Construct structural models for phase – effect of non-stoichiometry and defect
 structures 

• Calculate binding energies for platinum mono-layers on surface models 

• Calculate trends in predicted over-potential for models 

Approach : 

• Calculations to be performed using plane wave periodic density functional theory
 calculations (VASP software) 

Computational Studies of Thin-Film Molybdenum Nitride

 Supports for Platinum Electrodes  
Mo2N Stable Support and Shows Inactivity 

The electrochemistry of the heat treated Mo2N was studied in 0.5M H2SO4. 

The Mo2N devoid of Pt catalyst shows no activity toward ORR. 

The support shows stability in acidic medium (no effect was observed while running
 multiple CV’s with the support). 

Pt/Mo2N-C 

20 wt% 

Pt/C 

Pyrolyzed PEI/
EDTA w/o Mo 

20 wt% Pt 20 wt% Pt 

Pt/Mo2C-C 

20 wt% Pt-
Mo2N-C 

With and w/o 
add’l Pt (20wt%) 

With and w/o add’l 
Pt (20wt%) 

40 wt% Pt-
Mo2N-C 

cathode 

Inks 
MEA prep work 

FC testing 
Durability Studies 

Pt applied to 
samples using 

incipient wetness 
approach using 
either water or 

acetone as a 
solvent. 

Electrochemical Studies Methodology 

Pt/Mo2N : ORR Activity Shown 

Platinum on Mo2N shows the
 expected electrochemical features. 

The support does not seem to
 interfere with the activity of the Pt
 towards the ORR. 

ORR catalysis mechanism is not
 affected by the support. 

The reversible (2e- process) redox couple
 observed at E=0.44V is attributed to the
 Mo2N and not to the carbon precursor (The
 process is TBD).  
Higher capacitance currents observed with
 the Mo2N due to higher surface area.  
Higher EASA was obtained with the Mo2N-Pt
 sample. 

In situ Pt-Mo2N Formation Using PAD Process Leads to

 Stable, Ultra-high Pt Dispersions 
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Source, Properties, and Influence of C Remnants 

Early EDAX measurements of Mo2N suggested Carbon – confirmed with PAD TiO. 

Sample prepared without Mo source: PEI/EDTA pyrolyzed at 950°C; same procedure used for
 Mo2N synthesis. 

BET surface area is low (over 100x lower) compared to Mo2N; 1.7 m2/g 

Confirms broad peak at 25° in all XRD data is from the carbon remnants. 

Platinized carbon residue not a significant contributor to activity. 

Release of N2

 commensurate with
 decomposition of Mo2N. 

Prolonged anneal ca.
 synthesis temperature
 fosters Mo2C formation at
 the expense of Mo2N. 

Residual carbon remains.  
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40wt% Pt/Mo2N-C: Pt size increased
 from 69Å to 360Å commensurate with
 loss of nitride structure. 

Dramatic increase in Pt mobility once
 Mo2N converts to MoOx. 

Although not seen in XRD, Pt was observed
 using electrochemistry. 
New redox couple was observed when Pt was
 imbedded in the Mo2N (TBD).  
The imbedded Pt shows catalytic activity lower
 than deposited Pt. 

EDS conducted on titania samples 
indicate upwards of 35 - 40wt% 
carbon may be present in the Mo-N. 

100 mV/s 

100 mV/s 

100 mV/s 

1 mV/s 

100 mV/s 

QH(c)  Mo2N-Pt= 1.236 mC/cm2     

H2O loss 

28 ion current comprised 
of N2 and CO formation 

Mo2N decomposition 

x 

TGA run 
halted at 
700°C 

- MoO3 

- MoO3 

• Pt 

• 

• 
• 

No evidence in XRD of Pt agglomeration.  

 Oxidation of neat Mo2N (top) 

compared to Pt/Mo2N (bottom) 

Mass spec shows 2 C oxidation events. 

No XRD evidence 

of Pt. XRF 





Collaborations 

Chemical H2 storage research at LANL 

A. Burrell, B. Davis, H. Diyabalanage, MPA-MC; J. Gordon, C-IIAC; T. Nakagawa, MPA-MC; 

K. Ott, SPO-AE; T. Semelsberger, R. Shrestha, MPA-MC; F. Stephens, A. Sutton, C-IIAC 

Chemical Hydrogen Storage  

Center of Excellence (CHSCoE) 
CHSCoE was a collaboration of academic, industrial, and national labs utilizing 

fundamental &applied approaches, along with a rapid down-select criteria, to evolve H2 

storage technology. LANL co-lead the center with PNNL from 2005-2010. 

Materials 

Status 

System  

Status 

Engineering Center of Excellence 

(ECoE) 
Started in 2009, the ECoE is charged with vehicular system design for hydrogen storage 

materials which meet DOE target. LANL has several tasks as part of the ECoE, including 

fluid phase system design, rate modeling, fuel gauge development, and impurity 

measurement/mitigation. 

5% AB in Tetraglyme 

Summary 

• CHSCoE narrowed focus to 

fluid phase H2 storage 

materials, impurity 

quantification, regeneration 

assessments 

• ECoE built/tested small 

scale test bed for controlled 

H2 release, mitigated 

impurities, and demonstrated 

an acoustic  fuel gauge 

H2 Release 
LANL continues work on ammonia borane (AB, H3NBH3, 19.6 wt % 

H2), a stable solid with exothermic H2 release. Engineering concerns 

intensify LANL focus on fluid phase AB. 

Argonne analysis showed ~11 wt. % AB/ionic liquid (IL) can lead to a 

workable system of 4.8% (ultimate DOE target = 7.5%). 

In collaboration with Penn, ionic liquids were screened for suitability, 

including low temperature DSC, TGA decomposition, and thermolytic 

H2 release with/without catalysts. 

Spent Fuel Regeneration 
• Single reagent discovered, hydrazine 

• Works on multiple forms of spent fuel 

• Demonstrated in ionic liquids 

• Completed assessment of hydrazine 

regeneration with DOW chemical 

• Inefficient hydrazine synthesis is the culprit; 

contributes to 95% of cost 

• Now there are two efficient methods of AB 

regeneration, none in 2007 

Challenges 
• Materials without phase change upon 

dehydrogenation 

• Maximizing AB in IL while being stable 

• Efficient hydrazine synthesis or new 

regeneration methodology 

Initial long term stability testing of AB in ILs show no degradtionat 

50 C; however, the total AB loadings are insufficient to meet DOE 

metrics.  Future work is focused on binary and ternary IL 

combinations to enhance solubility, pre- and post-H2 release. 

Fluid Phase Validation Test Bed 
To evaluate thermolytic H2 release and impurities from fluid phase H2 

storage materials, a validation test bed was constructed and initially 

operated with 5% AB in tetraglyme. 

Challenges 
• Validating system-level modeling 

assumptions 

• Validate novel component designs for 

performance and viability 

• Materials development 

Validation Test Bed 

H2 release was measured at 

different flow rates and 

temperatures, to determine 

optimal contact time; the H2  

stream can be analyzed in-situ 

with FTIR and microGC for  

impurities. Scrubbing media 

can be as well.  
Collaborations Impurities in the H2 stream have 

been concern for several years. We 

started rigorous quantification of 

these species using our own evolved 

gas analysis coupled system (TG-IR-

GC-MS) 

Acoustic Fuel Gauge Sensor 
A non-invasive sensor has been designed to 

measure the state of H2 loading in metal hydride 

containing fuel tanks (patent filed). Proof of 

concept studies are complete; cycling work has 

begun. Future work includes evaluation of 

chemical hydride tanks and cryogenic adsorption 

tanks. 
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Impurity Measurement and Mitigation 
Small impurities may degrade fuel cell performance over time, 

so identification, quantification, and mitigation are essential.  

Adsorption Media Tested 

1. Ammoniasorb II 

2. Selexsorb CD 

3. Carbon 

4. Zeolites + others 

HFR 

Charge 
Transfer  

Resistance 

NH
3 

Borazine 

Diborane 

NH3, borazine, and diborane 

have been quantified by FTIR for 

solid AB. Adsorption media 

successfully scrubs these 

species. Future work will focus on 

fluid phase compositions. Fuel cell tolerance tests are used 

to bound acceptable levels. The 

diborane immediately reacts with 

the humid air, hence borates are 

responsible for the charge transfer 

resistence. Science, March 18, 2011 

Test Tank 




